. There are three main mechanisms for phytoremediation: plant uptake and sequestration
has correlated simazine uptake in plants with water upprimarily accumulated in the leaves of both parrot feather and canna.
take and movement within the transpiration stream
These results suggest that plants in a constructed wetland designed for (Wilson et al., 1999) . Simazine inhibits photosynthetic simazine assimilation would be more vulnerable to simazine toxicity shortly after emergence.
electron transport (Humburg et al., 1989) and is detoxified through conjugation to glutathione (GSH) by glutathione-S-transferase (GST) (Neuefeind et al., 1997) .
For phytoremediation to be effective, the plant should E xtensive use of pesticides can lead to significant be tolerant of the contaminant. Plant tolerance for herrisk to nontarget organisms within adjacent aquatic bicides may vary depending on plant age and size. Hatand terrestrial ecosystems. One promising method for ton et al. (1996) found that GST and GSH levels in corn reducing pesticide risks may be through phytoremediadecreased after 30 d of growth. Since GST is the major tion by ornamental wetland plant species. There are two mechanism of detoxification for several pesticides, plant main benefits of this type of remediation: economically, tolerance may decrease with increasing age. Other rephytoremediation has a much lower cost than more techsearchers found that pesticide absorption decreased as nological remediation treatments; and, aesthetically, age increased, hence tolerance increased with age (Wilornamental plants may be more attractive than classic cut et al., 1989; Leah et al., 1995) . The objective of this wetland species (Cunningham et al., 1996) . The result research was to characterize the influence of plant age may be low-cost, low-maintenance, effective, and aesand size on the toxicity, uptake, and translocation of sithetically pleasing constructed wetlands. Phytoremediamazine in two ornamental wetland plants: parrot feather tion has been shown to be useful in the dissipation of atraand canna. zine (Alvord and Kadlec, 1996) , metolachlor (Moore et al., 2001) , chlorpyrophos (Moore et al., 2002) , metalaxyl, simazine (Wilson, 1999) , and other chlorinated com-MATERIALS AND METHODS pounds (Schnoor et al., 1995; Nzengung et al., 1999) .
Test Chemical Compounds with low to moderate octanol-water partition coefficients (0.5 Ն log K ow Յ 3) have been shown Simazine was chosen due to its frequent use on turfgrasses and its herbicidal effect on plants. Technical grade simazine to be taken up into plants efficiently (Briggs et al., 1982;  (99.6% purity) was obtained from Novartis Crop Protection (Greensboro, NC). Because of its moderate water solubility Table 1 . Plants size at the beginning of the toxicity bioassay and subsurface or surface waters through dissolution in runoff the uptake and translocation assessment. Data represent plant and leaching from treated soils (Kahn, 1978; Howard, 1991;  fresh weight means (with standard errors in parentheses) at Ahrens, 1994 
Plants
Parrot feather and canna were selected for evaluation due 2.0 mg L Ϫ1 simazine, respectively. A stock solution was preto their aesthetic properties and general use as ornamental pared by dissolving technical grade simazine overnight in 10% plants. Parrot feather is an emergent vascular plant with feathHoagland's nutrient medium with constant stirring. Exposure ery leaves that forms floating mats rooted in shallow waters.
solutions were then prepared through dilution with 10% HoagIn constructed wetlands, these mats may reduce algal growth.
land's nutrient medium. All simazine concentrations were verCanna is an emergent macrophyte that grows 1.2 to 1.8 m tall ified; after adjusting pH to 2.3 with 1 M HCl, 200 mL of each with large foliage and produces flowers throughout the summer. treatment solution were extracted with a solid phase extraction Two plant ages were evaluated: 2-and 4-wk-old plants.
system (Burdick and Jackson, Muskegon, MI); simazine was These groups had significantly different sizes. At time of expoeluted with 2 mL Optima grade acetone (Fisher Scientific, sure, the 2-wk-old plants were small with few roots and the Fair Lawn, NJ). The acetone extract was then analyzed with 4-wk-old plants were larger with well-established root sysa Hewlett-Packard (Palo Alto, CA) 5890 Series II gas chromatems (Table 1) .
tograph with FID detector and a 5-m, 0.053 ID J&W (Folsom, CA) DB-1 column with film thickness of 5 m. All concentra-
Toxicity Bioassay
tions were corrected for percent recoveries, which were performed with the same procedure with a spiked 10% HoagPlant Culture Method land's nutrient medium. Stock populations of parrot feather were propagated from Toxicity bioassay procedures were adapted from Wilson stem fragmentation by breaking plants into segments and (1999) . To prevent light from reaching the root zone, exposure allowing root formation in buckets of 10% Hoagland's nutrivessels consisted of aluminum foil-wrapped 470-mL glass conent solution (Hoagland and Arnon, 1938) in a glass greentainers with 0.35-L (12 oz) styrofoam cups with a hole in the house. Thirty plants approximately 10 cm long were clipped bottom to hold the plant with its roots submerged in exposure from the stock population and placed in darkened glass jars solution. Individual plants were placed in exposure vessels containing 250 mL of 10% Hoagland's liquid nutrient medium.
containing 250 mL of exposure solution for parrot feather and Canna plants were propagated from rhizomes in potting soil 300 mL for canna. After 7 d, roots were rinsed with running in a glass greenhouse. Four weeks prior to exposure, 35 plants tap water, and plants were weighed and placed in simazineapproximately 30 cm tall with three or four leaves each were free medium for another 7 d postexposure to assess short-term detached from their rhizomes. Two weeks prior to exposure, recovery. Medium lost due to transpiration or evaporation was another 35 plants approximately 10 cm tall with three or four quantitatively replaced with deionized water for the parrot leaves were detached from their rhizomes. All plants were feather and 10% Hoagland's nutrient medium for the canna placed with roots in darkened glass jars containing 300 mL of with a calibrated syringe; volumes were recorded. Evaporation 10% Hoagland's liquid nutrient medium. controls consisted of exposure vessels with 250 mL 10% HoagLight penetration to the roots was limited by using alumiland's nutrient medium; volume was measured before and num foil-wrapped jars and covers designed from 0.35-L (12 oz) after each 7-d period. styrofoam cups with a hole in the bottom to secure the plant with its roots submerged in medium. For the first 3 d after Measured Endpoints being detached from the rhizome, plants were placed in a humidity chamber and allowed to acclimatize to hydroponic conToxicity of simazine was evaluated by examining the growth ditions. Once removed from the humidity chamber, plants of all plants. All plants were measured for fresh weight prior were grown 11 or 25 d, for 2-or 4-wk-old plants, respectively. to exposure, after the 7-d exposure period and postexposure Parrot feather plants were acclimatized to exposure conditions period. Biomass production for each period was calculated of 25 Ϯ 2ЊC, 375 E m Ϫ2 s Ϫ1 (provided by metal halide lamps), from the fresh weight data. Water uptake was measured by and a 16 h light-8 h dark photoperiod. Due to size, canna were recording the amount of medium replaced during the 7-d acclimatized and exposed in a greenhouse with the following period and correcting for evaporation; hence, water uptake is conditions: a minimum light intensity of 375 E m Ϫ2 s Ϫ1 proa measure of all the water processed by the plant, including vided by metal halide lamps, with a maximum of approxithat which transpired. Chlorophyll fluorescence measuremately 1135 E m Ϫ2 s Ϫ1 during midday; a 16 h light-8 h dark ments were made on the innermost leaf of the canna on Days photoperiod; and 24 Ϯ 4ЊC. During acclimatization, plants were 0, 1, 3, 5, 7, and 13 with an OPTISCIENCES (Haverhill, MA) placed in fresh nutrient medium weekly. For parrot feather, OS-500 modulated fluorometer. These measurements were medium lost due to transpiration or evaporation was replaced not performed on the parrot feather due to the feathered with deionized water; canna were given 10% Hoagland's nutrinature of the leaves. The specific parameters measured inent medium due to a higher need for nutrients.
cluded maximal fluorescence (F m ) and maximal steady state fluorescence (F ms ). These parameters were used to calculate Exposure the fluorescent yield of the plant. Fluorescent yield is a measure of the ability of the plant to transfer electrons through Parrot feather and canna were exposed to 0, 0.05, 0.1, 0.5, 1.0, and 1.5 mg L Ϫ1 simazine and 0, 0.01, 0.5, 1.0, 1.5, and the photosynthetic pathway. A reduction in yield would sug-gest that the pathway is blocked, and fewer electrons are lation counter. The disintegrations per minute (DPM) mode was used to count each sample for 10 min. being transferred. Therefore, the number of replicates for the 4-wk-old canna Hoagland's nutrient medium, for parrot feather and canna, was three for these treatments. Biomass production, water respectively. Uptake and translocation methods were adapted from Wilson (1999) .
Solution Analysis

Uptake and Translocation Assessment
Individual plants were exposed to 250 mL of treatment solution. For parrot feather, exposure vessels consisted of 250-mL (500-mL for canna) sidearm vacuum flasks with one-way valves to prevent gas movement out of the flask assembly. Number 6 silicon stoppers were used, along with Qubitac putty (Qubit, Kingston, ON, Canada) to seal plants with roots submerged in exposure solution. Flasks were fitted with [ . Two chemical reference vessels, without plants but containing exposure solution, and two control vessels, with plants in simazine-free medium, were also prepared as described above and handled as the exposure vessels.
With a 60-mL syringe attached to the one-way valve on the sidearm of the flask, all air in the vessels was purged through the traps daily. Medium lost due to transpiration was quantitatively replaced with deionized water for parrot feather and 10% Hoagland's nutrient medium for canna with a calibrated syringe. The amount lost was recorded daily.
Three exposed plants were randomly selected on Days 1, 3, 5, and 7. Roots were rinsed with running tap water for one minute and blotted dry. Plants were weighed and dissected into leaves, stems, roots, rhizomes, and flowers, depending on species. Plant parts were stored in aluminum foil at Ϫ80ЊC until analysis. content with a Beckman (Fullerton, CA) LS 6500 liquid scintil-uptake, and fluorescence data were ranked with the Wilcoxon feather during the 7-d exposure period, normalized to rank-sum test. Data were analyzed with SAS 6.12 for MacInthe plant weight at the beginning of the exposure, was tosh (SAS Institute, 1989) . Differences were determined with significantly reduced relative to control at 0.5, 1.0, and analysis of variance (ANOVA), Dunnett's test, and repeated 1.5 mg L Ϫ1 simazine ( Fig. 2A) . While the LOEC for the measures programs at P Ͻ 0.05.
Tissue Analysis
weight-normalized water uptake by the 2-wk-old plants was 0.5 mg L Ϫ1 simazine, no effect on water uptake by
RESULTS
the 4-wk-old parrot feather was seen at any concentration tested. As seen in Fig. 2B , water use efficiency,
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represented here by the amount of water needed to Parrot Feather produce a gram of plant, decreased for the 2-wk-old plants, with a LOEC of 0.5 mg L Ϫ1 simazine. However, Biomass production. Biomass production of 2-wkno differences were seen for the 4-wk-old plants. old parrot feather during the 7-d exposure period was significantly reduced relative to control at simazine exCanna posures of 0.05 mg L Ϫ1 and greater (Fig. 1A) . While the lowest observable effect concentration (LOEC) for Biomass production. Biomass production by 2-wk-2-wk-old plants was 0.05 mg L Ϫ1 simazine, no statistically old canna during a 7-d exposure to simazine (Fig. 3A ) significant effect on biomass production of 4-wk-old was significantly reduced relative to control at exposures parrot feather was seen at any concentration. Biomass greater than 1.0 mg L Ϫ1 . The LOEC for biomass producproduction by 2-wk-old parrot feather was significantly tion by the 2-wk-old plants was 1.5 mg L Ϫ1 simazine. less than that of 4-wk-old plants at 0.5, 1.0, and 1.5 mg Biomass production of 4-wk-old canna was not signifi-L Ϫ1 simazine. cantly affected by the simazine concentrations used. When placed in simazine-free medium for 7 d, 2-wkBiomass production for 2-wk-old canna was significantly old plants exposed to 0.05 and 0.1 mg L Ϫ1 simazine less than that for 4-wk-old plants. Affected 2-wk-old recovered completely, those exposed to 0.5 mg L Ϫ1 simaplants showed incomplete recovery in biomass produczine showed no recovery, and those exposed to 1.0 and tion after 7 d in simazine-free medium (Fig. 3B ). 1.5 mg L Ϫ1 simazine senesced and biomass was reduced Water uptake.Water uptake by 2-wk-old canna during further (Fig. 1B) .
the 7-d exposure period, normalized to the plant weight Water uptake. Water uptake by 2-wk-old parrot old plants, with a LOEC of 1.0 mg L Ϫ1 simazine. However, no differences were seen for the 4-wk-old plants.
Fluorescent yield. Fluorescent yield of 2-and 4-wkold canna during the 7-d exposure to simazine was significantly reduced relative to control at exposures of 0.5 and 1.0 mg L
Ϫ1
, respectively ( Fig. 5 and 6 ). After 7 d in simazine-free medium, however, all plants fully recovered. By Day 1 of the simazine exposure (Fig. 7) , fluorescent yield of the 2-wk-old canna was reduced to 41, 17, and 14% of controls by the 1.0, 1.5, and 2.0 mg L although there was no significant difference between the reduction in yield by the 2-and 4-wk-old plants. On at the beginning of the exposure (Fig. 4A) , was signifiDay 3 of the simazine exposure ( Fig. 5 and 6 ), there cantly reduced relative to control in the 2.0 mg L Ϫ1 was a general increase in yield for both 2-and 4-wk-old simazine exposure. While the LOEC for the weightplants. Although it was not significant, this was probably normalized water uptake by the 2-wk-old plants was due to increased temperatures that day. 1.5 mg L Ϫ1 simazine, weight-normalized water uptake by 4-wk-old canna during the exposure period was not
Uptake and Translocation Assessment
significantly affected in any treatment tested. As seen Parrot Feather in Fig. 4B , water use efficiency decreased for the 2-wkThe [ 14 C] simazine dissipation from exposure solution during the 1-wk exposure was almost 50% for 2-wk-old Table 2 plants. Letters represent statistically different groupings, n ϭ 3, for actual mean and standard error. P Ͻ 0.05, bars represent standard error.
plants and greater than 60% for 4-wk-old plants (Fig. 8 , leaves of both 2-and 4-wk-old parrot feather. Activity in Table 2 ). Although most of the activity removed from all tissues increased with time. to 26% of the initial activity was left unaccounted for.
% of initial activity
The activity that was unaccounted for could have been mained constant. This suggests that the activity found old plants.
Data are presented as percent of initial activity. See Table 3 for actual means and standard error.
DISCUSSION
in these tissues is due to translocation, rather than accu-
The results of the toxicity bioassay demonstrated that mulation. The primary sink for [ 14 C] activity was the 4-wk-old parrot feather and canna were more tolerant leaves for both 2-and 4-wk-old canna. By Day 7, there of simazine than 2-wk-old plants. However, 4-wk-old was no significant difference in the activity accumulated plants took up more water and [ 14 C] simazine than 2-wkby 2-and 4-wk-old canna leaves (Fig. 10 ). There was a old plants. The [ 14 C] simazine accumulated primarily in significantly higher percentage of activity in the roots the leaves of both parrot feather and canna. The tissue of 4-wk-old plants as compared with 2-wk-old plants.
burden of [ 14 C] simazine in the leaves of the 2-wk-old The tissue burden of canna (Fig. 11 ) tissues remained parrot feather and canna was 1.5 and 3.0 times that of constant in root, rhizome, and stem of both 2-and 4-wk-4-wk-old plants, respectively. Hence, while 4-wk-old old plants. The tissue burden of the 2-wk-old tissues, plants took up more simazine than 2-wk-old plants, the however, is significantly higher than that of the 4-wktissue burden, normalized for plant biomass, was less for old tissues. On Day 7, the tissue burden of the leaves the 4-wk-old plants. The increased tolerance might simply be a function of dilution of the simazine in more Simazine can be metabolized to dealkylated simazine % of initial activity and hydroxy-simazine and stored in the vacuoles; how-2-wk-old plants ever, the main form of detoxification is through conju- gation to glutathione (GSH) using glutathione-S-trans- levels of GSH and GST (Castelfranco et al., 1961 ; Bey- , 1997) . Hatton et al. (1996) demonstrated that the growth. Plant tolerance for atrazine, however, increased with age. Similarly, parrot feather and canna tolerance and size.
